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Abstract 

Background: Leptin is involved in the regulation of eat- 
ing behavior. Its serum levels are determined by fat mass 
but a diurnal rhythm is also described. It is not clear 
whether leptin levels are also controlled in vivo by hor- 
monal stimuli, like insulin or cortisol. Methods and Re- 
sults: This possible temporal relation was investigated 
by serial measurements during 24 h (group A) and 46 h 
(group B) in 15 healthy volunteers and another 10 sub- 
jects (group C) while fasting for 72 h. Maximal leptin lev- 
els were observed at 4:00 a.m. and 4:00 p.m. in subjects 
on a normal diet. During 24 h starvation (group B), there 
was a 40% decrease of mean leptin concentration when 
compared to baseline values. In group C, the leptin con- 
centration under starvation dropped to 25% of basal lev- 
els after 72 h. Pooled data from group A and the nonfast- 
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ing data from group B showed an insulin increase pre- 
ceding leptin increase by 6 h (r = 0.405, p< 0.0001), while 
cortisol decreased 4 h (r = 0.361, p < 0.001) after leptin 
decrease. Conclusion: Starvation results in a fall of circu- 
lating leptin, ending leptin rhythmicity. Food intake is 
causally involved in the fluctuation of leptin levels in 
serum. Presumably this effect is mediated by insulin, 
while cortisol does not seem to affect leptin release 
directly in vivo. 


Copyright © 2001 S. Karger AG, Basel 


Introduction 


Leptin, the product of the ob gene, is exclusively 
secreted by adipocytes and serum concentrations are 
strongly correlated to the body mass index (BMI) in 
humans [1]. While fat mass constitutively determines the 
range of circulating leptin levels, other factors must be 
responsible for the diurnal variation of leptin levels with 
higher levels at night and a nadır in the afternoon [2]. In 
vitro studies have shown that leptin production by adipo- 
cytes can be influenced by several hormones. Testoster- 
one and catecholamines inhibit leptin secretion [3-5], 
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while insulin and cortisol stimulate its secretion by adipo- 
cytes [6, 7]. Studies on the in vivo secretion of leptin are 
still scarce, although the data are consistent with the in 
vitro findings [8]. 

Insulin levels increase shortly after the administration 
ofan oral glucose load, thus a concomitant, secondary rise 
in leptin levels would be expected. However, in a recent 
study we could not find an increase in leptin levels 2 h 
after an oral glucose load [9], suggesting a more delayed 
leptin response to insulin stimulation. Therefore, we in- 
vestigated the relationship between insulin and leptin for 
longer time intervals. In addition, we tried to clarify the 
role of cortisol in the modulation of leptin secretion. We 
used a frequent sampling protocol in healthy individuals, 
measuring spontaneous plasma levels of insulin, leptin 
and cortisol under a regular diet and under starvation. 
Our special interest focussed on the temporal relationship 
ofthese hormones. 


Material and Methods 


Subjects 

Three distinct groups were studied. Basic evaluation characteris- 
tics of the study groups are shown in table 1. Group A consisted of 6 
volunteers who were on anormal diet of 3 meals provided during the 
study period (meals were given at 8:00 a.m., 2:00 p.m. and 9:00 p.m., 
snack was provided at noon and 6:00 p.m.). Blood samples were tak- 
en every 2 h for a 24-hour period. Group B consisted of 9 volunteers. 
These subjects fasted during the first 24 h and returned to a normal 
diet for the remaining 24 h. Blood samples were taken every? hfora 
46-hour period. The 15 healthy volunteers of group A and B were 
further subdivided for calculations according to their BMI. Subjects 
with a BMI <20 kg/m? were considered underweight (n = 5), aBMI 
of 20-25 kg/m? was defined as normal weight (n = 5) and a BMI 
>25 kg/m? was considered as overweight (n =5). 

10 patients were included in group C. They were admitted to our 
endocrine ward for the evaluation of a possible insulinoma. None 
had documented hypoglycemia at the time ofthe study; an insulino- 
ma or other metabolic diseases had been excluded in all patients. The 
10 participants of group C were fasting for a time period of 72 h after 
an oral glucose tolerance test with 100 g of glucose. In this group 
blood samples were taken every 30 min for the first 5 h after the 
glucose load and every 3 h thereafter. 

Informed consent was obtained from all volunteers and patients. 
The study was approved by the local ethics committee. Pregnancy, 
eating disorders, somatic diseases and age below 18 years were exclu- 
sion criteria. With the exception of oral contraceptives, none of the 
individuals took any medication. All subjects had had a constant 
body weight over the 3 months preceding the study and none was on 
a special diet. BMI was calculated using the formula: (body weight in 
kg)/(height in m)?. Frequent blood sampling was performed via an 
indwelling venous catheter every 2-3 h depending on the protocol 
outlined above. Serum samples were frozen immediately at -20°C 
until analysis. Insulin, cortisol and leptin concentrations were mea- 
sured in each sample. 


Leptin, Insulin and Cortisol in Healthy 
Subjects 


Table 1. Basic characteristics ofthe three study groups 


Gender, fm Age, years BMI, kg/m? 
Group A 42 26+1 22.2+0.6 
Group B 6:3 28+4 24.5+1.6 
GroupC 82 39+4 25.6+1.4 
Methods 


Assay Procedures. Leptin serum concentrations were measured 
by a radioimmunoassay described in detail elsewhere [10]. Sensitivi- 
ty of undiluted samples was 0.03 ug/l. Inter- and intra-assay coeffi- 
cients of variation were 8.4 and 0.8%, respectively. Insulin was mea- 
sured using a commercially available radioimmunoassay (Insulin 
RIA Biochem®); inter- and intra-assay coefficients of variation were 
5.5 and 4.0%, respectively. Cortisol was measured using a commer- 
cial radioimmunoassay (Cortisol Bridge, Serono®, USA). Inter- and 
intra-assay coefficients of variation were 6.0 and 1.2%, respectively. 

Statistics. Data were expressed as mean + SD. Group compari- 
sons were performed with analysis of variance (ANOVA) and paired 
Student’s t test as appropriate. Profiles were subjected to pairwise 
cross-correlation analysis. Cross-correlation measures the degree of 
linear correlation between two sets of data at varying time lags (phase 
shifts). One set of data was fixed on the time axis, the second profile 
was shifted towards increasing time points (positive phase shift) or 
towards decreasing time points (negative phase shift). Shifting inter- 
val length equaled blood sampling interval length (2 or 3 h). For each 
phase shift, the correlation coefficient r and Fisher’s R to Z were 
calculated. The latter method tests for a significant deviation of r 
from 0. Once the cross-correlation had been calculated for each sub- 
ject, amean r for every phase shift was computed for both groups of 
subjects. These mean correlation coefficients were plotted against the 
phase shift. To test for a significant deviation of mean r values from 
0, aone-group t test was performed. Cross-correlation analysis is able 
to detect concomitant increases and/or decreases of episodically fluc- 
tuating hormone levels. In the case of a monotonous decrease or 
increase of one or both hormones, cross-correlation yields constantly 
positive or negative values for correlation r without adding informa- 
tion about interactions between the hormones in question. Thus, we 
did not analyze data with a constant decrease in leptin levels. This 
was the case for group B during the fasting interval and for group C. 
In both instances, leptin levels decreased constantly throughout the 
fasting period. In contrast, during periods with regular food intake, 
episodic fluctuations of leptin, insulin and cortisol were observed 
and pairwise cross-correlation analysis was performed between lep- 
tin and insulin/cortisol. Calculations were performed using Excel® 
(Microsoft, Redmond, Va., USA) and StatView 4.5 (Abacus Con- 
cepts, Berkeley, Calif., USA) on an Apple Power Macintosh® com- 
puter. 


Results 


Mean leptin concentrations at 8.00 a.m. in the fast- 
ing state were significantly higher in overweight (38.04 + 
5.6 ug/l) compared to normal weight individuals (5.01 + 
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Fig. 2. Mean leptin and insulin concentra- 400 = 
tions in serum in group B (24-hour fast fol- 
lowed by normal eating cycles) expressed as En 
percentage (+ SEM) of basal levels at 8.00 
a.m. Mean leptin concentration rises signifi- 
cantly at 4:00 a.m. on the second day (under 0 DT —  — — — — — — —. — — — —.  — 0 
regular food intake) compared to leptin lev- 20:00 0:00 4:00 8:00 12:00 16:00 20:00 0:00 4:00 8:00 12:00 16:00 
els at 8:00 a.m. (*p = 0.03) by one-sample Time (h) 
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Fig. 3. Mean leptin and insulin concen- 30] [50 
trations in serum expressed as percentage ] 
(+ SEM) of basal levels at 8.00 a.m. in group ] 
C (72 h fast after an initial glucose tolerance [0 ns EEE ma a aaa ma m va aa a ma VER a Bm am am a va mm a. 0 
test). Mean leptin concentrations decline sig- 8:00 14:00 20:00 2:00 8:00 14:00 20:00 2:00 8:00 14:00 20:00 2:00 8:00 
nificantly after 48 h of fasting (* p< 0.01) by Time (h) 
one-sample t test. 
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Fig. 4. Cross-correlation analysis between 
leptin and insulin in healthy individuals dur- 
ing 24 h with regular food intake. Hormone 
profiles were shifted against each other in 
both directions of the time axis. For each 
time lag of 2 ha correlation coefficient was 
calculated. Shown are the mean correlation 


Correlation r 


coefficients r from all probands. Mean r = 
0.405 at a phase shift of +6 h was significant- -10 8 
ly different from zero (* p< 0.0001) by one- 

sample t test. Details see text. 


2.0 ug/]; p < 0.05). No significant difference could be 
detected between normal weight and underweight indi- 
viduals (5.01 # 2.0 vs. 3.72 # 0.9 ug/l), although there 
was a clear trend. There was a positive correlation be- 
tween leptin serum levels and the BMI in the cohort as a 
whole (r = 0.72,p<0.001). 

In group A (fig. 1) a biphasic diurnal variation of leptin 
levels was observed with an increase of 13% at 4:00 p.m. 
and 9.5% at 4:00 a.m. compared to 8:00 a.m. leptin levels. 
A nadir of circulating leptin concentration was found at 
noon with a relative decrease of 25%. The overall differ- 
ence between maximum and minimum levels was 38%. 
Using a paired Student t test there was a significant 
decrease in leptin levels at noon (p < 0.03) compared to 
leptin levels at 8:00 a.m. The increase in leptin levels at 
4:00 p.m. was not statistically significant in our analysis. 
The observed overall change was statistically significant 
with a p value <0.02. The observed diurnal variations of 
leptin levels were consistent within the study group. 

In group B (fig. 2) under starvation leptin peaks were 
completely eliminated after an initial peak. We could not 
detect the two leptin peaks at 4:00 p.m. and 4:00 a.m. as 
described for the subjects of group A that were on a nor- 
mal diet. Instead, leptin levels decreased continuously to 
40% of the first value measured. After resumption of a 
regular food intake, the nocturnal peak of leptin levels 
reappeared with a maximum at 4:00 a.m. Accordingly we 
were able to detect a significant increase (p = 0.03) in lep- 
tin levels from baseline levels (8:00 a.m.) at 4:00 a.m. on 
the second day but not on the first day. The observed loss 
in leptin fluctuation under starvation was observed in all 
participants of this group. 
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In group C (fig. 3), the cohort with an oral glucose load 
and consecutive fasting up to 72 h, leptin concentrations 
increased slightly 6 h after the oral glucose administration 
and decreased continuously in all subjects to 25% of the 
basal levels after 72 h. This decline in leptin levels was 
significant after 48 h of fasting (p < 0.01). In particular, 
the diurnal variation that might have been superimposed 
upon this pattern had completely disappeared over the 
entire observation period. 


Cross-Correlation Analysis 

The correlogram for the pooled data from group A and 
the nonfasting data from group B is shown in figure 4. 
Leptin and insulin fluctuations showed that a temporal 
relationship with insulin increases the preceding leptin 
levels 6 h (phase shift +6 h, mean r = 0.405, p< 0.0001). 
The characteristic shape of the correlogram curve with a 
minimum at a phase shift of 0 min and peaks at +6 hand 
(less pronounced) at -6 h could also be observed when the 
subjects were subdivided into underweight, normal 
weight and overweight groups. In these groups, mean cor- 
relation coefficients for a phase shift of +6 h were r = 
0.380 (p < 0.05), r = 0.470 (p< 0.005) and r = 0.316 (p> 
0.05), respectively. Thus, the temporal relationship be- 
tween leptin and insulin was independent of body 
weight. 

The correlogram for leptin and cortisol (fig. 5) was 
qualitatively different from the leptin/insulin correlo- 
gram. The maximal mean correlation coefficient r was 
observed at a phase shift of-4h(r = 0.361, p<0.001), i.e. 
leptin increases preceded cortisol increases. At a phase 
shift of +6 h (where leptin and insulin showed a strong 
positive correlation) negative correlations were observed 
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Fig. 5. Cross-correlation analysis between 
leptin and cortisol in healthy individuals 


during 24 h with regular food intake. Details 
see figure 4 and text. Mean r = 0.36l ata -10 -8 
phase shift of -4 h was significantly different 
from zero (* p< 0.001) by one-sample t test. 


(r =-0.247, p< 0.05). Subdivision of subjects into under- 
weight, normal weight and overweight individuals did not 
change the qualitative aspects ofthe correlogram. In these 
groups, mean correlation coefficients for a phase shift of 
-4h werer= 0.518 (p<0.05), r= 0.278 (p<0.04)andr= 
0.219 (p > 0.05), respectively. 


Discussion 


This study shows that leptin levels in healthy subjects 
are not only related to the BMI but may also be acutely 
regulated by food intake and, subsequently, by hormones 
involved in the metabolism such as insulin and cortisol. 
The results make possible a differentiated view of the 
impact of starvation and of regular food intake on circu- 
lating leptin levels. In addition, we demonstrated a signifi- 
cant temporal relationship of leptin release with insulin 
and cortisol concentrations. 

A positive correlation of leptin levels with fat stores has 
previously been described [1]. As only adipocytes secrete 
leptin, an increasing number of adipocytes and an in- 
crease in their fat content will eventually lead to higher 
leptin levels [11, 12]. This mechanism determines the 
range of leptin levels in an individual subject. As body 
weight and adipocyte cell mass or filling grade of the adi- 
pocyte do not change rapidly, the short-term fluctuations 
observed in this study must be due to other causes. 

In individuals with normal food intake, we observed 
episodic fluctuations of leptin concentrations with peaks 
at 4:00 p.m. and at 4:00 a.m. This nocturnal leptin peak 
has previously been described in rats [13] and in humans 
[2]. Matkovic et al. [14] demonstrated a similar pattern 
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with a nadir between noon and 8:00 p.m. and maximal 
levels between midnight and 4:00 a.m. in young females. 
In our study we were able to detect a loss of diurnal varia- 
tion of leptin secretion under fasting conditions. The 
effect of fasting was direct, as leptin fluctuations in 
patients switching from a regular food intake to fasting 
conditions stopped immediately. Curiously, we observed 
an early leptin peak in the fasting period ofgroupBandC. 
We assume that this initial leptin peak was preceded by an 
insulin peak from the last meal before the sampling took 
place. There were no additional leptin peaks observed 
when fasting was continued. These results suggest that cir- 
cadian leptin rhythmicity is directly related to food intake 
and presumably to hormonal factors related to it. These 
data can explain why leptin decrease is correlated to insu- 
lin decrease in subjects with weight loss [15]. 

If a postprandial pulse of leptin secretion exists [16], it 
is stopped by starvation, as leptin concentrations de- 
creased continuously without reaching a stable baseline 
over the first 24 h of fasting in group B and over 72 hin 
group C. During realimentation on the following day lep- 
tin peaks were restored in group B. These results corrobo- 
rate the findings by Boden et al. [17]. They showed a con- 
stant and substantial decrease in leptin during fasting. In 
their study these changes paralleled a decrease in insulin 
levels and blood glucose concentrations. Subjects investi- 
gated with an euglycemic clamp did not show a decrease 
in leptin or insulin concentrations, which strongly sug- 
gests a principal role for glucose and/or insulin in the regu- 
lation of leptin levels, while fat intake seems to have little 
effect on leptin concentrations [18]. In other studies, lep- 
tin concentrations were measured for only a short period 
after the last food intake and therefore the postprandial 
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leptin rise could not be demonstrated [19]. In our study 
we were able to show two leptin peaks in the observation 
period preceded by a rise in insulin concentrations by 6 h. 
We were unable to detect a third insulin and leptin peak 
after the last meal at 9:00 p.m. due to the design of the 
study with a limitation of the sampling time at 24 h. In 
further studies, sampling should be continued for an addi- 
tional 6 h after the last food intake. 

Insulin has been shown to stimulate leptin secretion in 
vitro [7, 20], but glucose alone did not have the same 
effect [21]. In insulin-deficient type 2 diabetics leptin lev- 
els increased markedly after the institution of an insulin 
replacement regimen [22]. Plasma leptin levels correlated 
to islet function [23] as well as to insulin levels under 
morning fasting conditions [24], demonstrating stimula- 
tory effects of insulin on leptin secretion in vivo. Ifinsulin 
is a major stimulus of leptin secretion in vivo, increasing 
insulin concentrations should be followed by leptin in- 
creases. We have previously shown this relationship be- 
tween insulin, leptin and cortisol in anorectic patients 
[25], and were able to show that this relationship changes 
during realimentation in anorectic women [26]. In the 
present study we could demonstrate a temporal coupling 
between leptin and insulin, with leptin increases following 
insulin increases by 6 h. Due to this rather long time lag a 
rise in leptin levels stimulated by insulin was not observed 
in studies with shorter observation periods. 

It is tempting to etiologically relate insulin and leptin 
secretion based on our findings. As leptin is not stored in 
adipocytes, delayed production after insulin stimulation 
is consistent with a stimulatory effect of insulin on de 
novo synthesis of leptin in adipocytes. However, it should 
be emphasized that a cross-correlation analysis does not 
provea direct causal relationship. We cannot exclude oth- 
er, unknown factors influencing both insulin and leptin 
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